I extend the methods of G¨urkaynak, Sack, and Swanson (2005) to separately identify the effects of Federal Reserve forward guidance and large-scale asset purchases (LSAPs) during the 2009-15 U.S. zero lower bound (ZLB) period. I find that both forward guidance and LSAPs had substantial and highly statistically significant effects, comparable in magnitude to the effects of the federal funds rate before the ZLB. Forward guidance was more effective than LSAPs at moving short-term Treasury yields, while LSAPs were more effective than forward guidance and the federal funds rate at moving longer-term Treasury and corporate bond yields. I estimate that the effects of LSAP announcements were very persistent, with the exception of the very large and perhaps special March 2009 "QE1" announcement. The effects of forward guidance are slightly less persistent, but the difference is not statistically significant and is likely due to the FOMC's forward guidance announcements having a relatively shorter horizon.
Introduction
Physical currency carries a nominal return of zero, so it is essentially impossible for a central bank to set the short-term nominal interest rate-its conventional monetary policy instrumentsubstantially below zero. 1 This zero lower bound (ZLB) constraint has required many central banks to pursue unconventional monetary policies to stimulate their economies after the 2007-09 global financial crisis. In this paper, I propose a new method to identify and estimate the effects of these unconventional monetary policies on financial markets and, ultimately, the economy. In particular, I estimate the effects of the U.S. Federal Reserve's "forward guidance" and "largescale asset purchases" (or LSAPs), which were the two main types of unconventional policies pursued by the Fed between January 2009 and October 2015, when its traditional monetary policy instrument, the federal funds rate, was essentially zero.
Understanding the effects of unconventional monetary policy is important for both policymakers and researchers. Many central banks have found themselves increasingly constrained by the zero lower bound in recent years and have turned to a variety of unconventional policies to stimulate their economies, despite the fact that these policies' effects are not well understood. In the present paper, I provide new and improved estimates of these effects and their persistence.
The efficacy of unconventional monetary policy is also an important determinant of the cost of the ZLB and the optimal inflation target for an economy. If unconventional monetary policy is relatively ineffective, then the ZLB constraint is more costly, and policymakers should go to greater lengths to avoid hitting it in the first place, such as by choosing a higher inflation target, as advocated by Summers (1991) , Blanchard, Dell'Ariccia, and Mauro (2010) , Blanchard in The Wall Street Journal (2010) , and Ball (2014) . On the other hand, if unconventional monetary policy is very effective, then the ZLB constraint is not very costly and there is little reason for policymakers to raise their inflation target on that ground.
The zero lower bound period in the U.S. began on December 16, 2008, when the Federal Reserve's Federal Open Market Committee (FOMC) lowered the federal funds rate-its conventional monetary policy instrument-to essentially zero. The U.S. economy was still in a severe recession, so the FOMC began to pursue unconventional monetary policies to try to stimulate the 1 A few central banks have recently set short-term nominal interest rates slightly below zero by charging banks a fee to hold electronic cash reserves at the central bank. This implies that the "zero lower bound" is not a hard constraint that lies exactly at zero. Nevertheless, nominal interest rates cannot fall too far below zero without leading to widespread conversion of electronic reserves into physical currency. Traditionally, this constraint is still referred to as the "zero lower bound". It's apparent from Table 1 that separately identifying the effects of forward guidance and LSAPs is difficult, because many of the FOMC's announcements provide information about both types of policy simultaneously. Moreover, even in the case of a seemingly clear-cut announcement, such as the LSAP-focused "QE2" announcement on Nov. 3, 2010, both types of policies may still have been at work: in particular, several authors have argued that LSAPs affect the economy either partly or wholly by changing financial markets' expectations about the future path of the federal funds rate (e.g., Woodford, 2012; Krishnamurthy and Vissing-Jorgensen, 2011; Bauer and Rudebusch, 2014) . To the extent that this "signaling" channel is operative, even a pure LSAP announcement would have important forward guidance implications. This makes disentangling the two types of policies even more difficult than it might at first seem.
A second major challenge in estimating the effects of unconventional monetary policy announcements is that financial markets are forward-looking, and thus should not react to the component of an FOMC announcement that is expected ex ante; only the unanticipated component should have an effect. But determining the size of the unexpected component of each announcement in Table 1 is very difficult, because there are no good data on what financial markets expected the outcome of each FOMC announcement to be. 2 A third, related challenge is that the FOMC can sometimes surprise markets through its inaction rather than its actions. For example, on September 18, 2013, financial markets widely expected the FOMC to begin tapering its LSAPs, but the FOMC decided not to do so, surprising markets and leading to a large effect on asset prices despite the fact that no action was announced. 3
This implies that even dates not listed in Table 1 could have produced a significant surprise in financial markets and led to large effects on asset prices and the economy.
In this paper, I address these challenges by extending the high-frequency approach of Gürkaynak, Sack, and Swanson (2005, henceforth GSS) . I first look at the high-frequency (30minute) response of asset prices to FOMC announcements to identify the immediate causal effect of those announcements on financial markets. I then test for the number of dimensions underlying 2 This is in sharp contrast to the case of conventional monetary policy-changes in the federal funds rate-for which we have very good data on financial market expectations ex ante through federal funds futures and other short-term financial market instruments, as discussed by Kuttner (2001) , Swanson (2005, 2007) , and others. 3 The Wall Street Journal (2013b,c) reported that "No Taper Shocks Wall Street," and "'Bernanke had a free pass to begin that tapering process and chose not to follow [through] . . . The Fed had the market precisely where it needed to be. The delay today has the effect of raising the benchmark to tapering. . . " those announcement effects and show that they are well described by three dimensions over the period from 1991 to 2015. These dimensions represent the three aspects of FOMC announcements that had the greatest systematic effect on asset prices over the sample; intuitively, these three dimensions are likely to correspond to changes in the federal funds rate, changes in forward guidance, and changes in LSAPs.
I collect the 30-minute asset price responses to each FOMC announcement between 1991 and 2015 and compute the first three principal components of those asset price responses. This estimates the three factors that had the greatest explanatory power for these financial market responses. I search over all possible rotations of these three principal components to find one in which the first factor corresponds to the change in the federal funds rate, the second factor to the change in forward guidance, and the third factor to the change in LSAPs. I build on the earlier work of GSS to separately identify changes in the federal funds rate from forward guidance, and add a new identifying assumption that the LSAP factor is as close to zero as possible during the pre-ZLB period, which separately identifies the LSAP factor. I show that this identification is robust and produces estimates that agree closely with observable characteristics of major FOMC announcements. In this way, I separately identify the size of the federal funds rate, forward guidance, and LSAP component of every FOMC announcement from July 1991 to October 2015.
Once the different components of each FOMC announcement are identified, it's straightforward to estimate the response of different asset prices to each of those components using highfrequency (30-minute or 1-day) regressions. I find that both forward guidance and LSAPs had highly statistically significant effects on a wide variety of assets, including Treasuries, corporate bonds, stocks, exchange rates, and interest rate uncertainty as measured by options. The sizes of these effects are typically comparable to those of conventional monetary policy-changes in the federal funds rate-during the pre-ZLB period. Forward guidance was relatively more effective at moving short-term Treasury yields, while LSAPs were more effective at moving longer-term Treasury yields, corporate bond yields, and interest rate uncertainty (with an increase in LSAPs reducing interest rate uncertainty).
Finally, I investigate whether these effects were persistent-i.e., did they die out quickly as some models of slow-moving capital (e.g., Duffie, 2010; Fleckenstein, Longstaff, and Lustig, 2014) and some empirical work (Wright 2012) suggest, or were the high-frequency impact effects more permanent? I find no significant evidence that either forward guidance or LSAPs had effects that died out over time. The effects of LSAPs seem to be completely persistent, with no tendency to die out over the next several months, with the exception of the very influential March 2009 "QE1" announcement, after which bond yields fell sharply but then rebounded strongly over the subsequent weeks as financial markets turned around. 
Related Literature
There are now a number of studies that investigate the effects of forward guidance and/or LSAPs on financial markets, especially during the U.S. zero lower bound period. Gürkaynak, Sack, and Swanson (2005) is an early example that measured the effects of the Federal Reserve's pre-2005 forward guidance announcements. In contrast to GSS, I also estimate the effects of the Fed's LSAP announcements, study the peristence of the announcement effects, and investigate the effects on corporate bond yields, exchange rates, and financial market uncertainty as well as stocks, Treasury bonds, and interest rate futures.
More recently, Gagnon et al. (2011) , Vissing-Jorgensen (2011, 2013) , and others use high-frequency event studies around a few of the Fed's most notable LSAP announcements to show that those announcements had economically and statistically significant effects on a variety of asset prices. In contrast to these papers, I look at every FOMC announcement from 2009-2015 (and 1991-2008) , including announcements that focused on forward guidance rather than, or in addition to, asset purchases. I also separately identify the effects of LSAPs and forward guidance, to contrast the effects of the two types of policies and investigate which one was more effective overall.
Wright (2012) 
Data and Identifying Assumptions
To separately identify the forward guidance and asset purchase component of each FOMC announcement, I extend the approach of Gürkaynak, Sack, and Swanson (2005) . First, I extend the GSS dataset through October 2015 using data obtained from staff at the Federal Reserve Board.
The extended data includes the date of every FOMC announcement from July 1991 through October 2015 together with the change in a number of asset prices in a 30-minute window bracketing each announcement. 4 The asset prices include federal funds futures (the current-month contract rate and the contract rates for each of the next six months), eurodollar futures (the current quarter contract rate and the contract rates for each of the next eight quarters), Treasury bond yields (the 3-month, 6-month and 2-, 5-, 10-, and 30-year maturities), the stock market (S&P 500), and exchange rates (yen/dollar and dollar/euro).
I collect these asset price responses into a T × n matrix X, with rows corresponding to FOMC announcements and columns corresponding to n different assets; each element x ij of X then reports the 30-minute response of the jth asset to the ith FOMC announcement. As in GSS, we can think of these data in terms of a factor model,
where F is a T × k matrix containing k ≤ n unobserved factors, Λ is a k × n matrix of loadings of asset price responses on the k factors, and ε is a T × n matrix of white noise residuals. If k = 0, the data X would be well described by white noise; if k = 1, X would be well described as responding linearly to a single factor (such as the change in the federal funds rate) plus white noise; if k = 2, the data X would be responding to two underlying dimensions of FOMC announcements plus white noise; and so on. Natural candidates for the columns of F would be: years. The reason for focusing on some rather than all possible futures contracts is to avoid overlapping contracts, since those are highly correlated for technical rather than policy-related reasons. 7 In the factor model (1), futures contracts that are highly correlated will tend to show up as a common factor-a column of F -which is not interesting if the correlation is generated by overlapping contracts rather than the way monetary policy is conducted.
Note that, to estimate the factors F , I do not need to take a stand on why the interest rates above moved in response to FOMC announcements, only that they did so systematically. For example, medium-or longer-term interest rates might change because of any of the mechanisms described in Vissing-Jorgensen (2011), D'Amico et al. (2012) , and Campbell et al. (2012) . As long as the interest rate responses to FOMC announcements are systematic, they will be identified as responses to the monetary policy factors F rather than the residuals ε t .
Of course, this implies that my estimates of the effects of the factors F represent the total effect of the factor on interest rates through all of the possible channels described by these other authors, as discussed above.
5 As in GSS and Kuttner (2001) , these contracts are scaled by the number of days remaining in the month to provide the best estimate of the surprise change in the federal funds rate after the announcement. See GSS and Kuttner (2001) for details. 6 I follow GSS and switch from federal funds futures to Eurodollar futures at a horizon of about two quarters because Eurodollar futures were much more liquid over this sample than longer-maturity fed funds futures and are thus likely to provide a better measure of financial market expectations at those longer horizons (see Gürkaynak, Sack, and Swanson, 2007) . 7 For example, FOMC announcements are spaced 6 to 8 weeks apart, so the second federal funds futures contract is essentially perfectly correlated with the first (once the latter has been scaled to represent the outcome of the FOMC meeting, as discussed above). Similarly, including the first Eurodollar futures contract provides essentially no additional information beyond the first and third federal funds futures contracts. Before estimating F , I first investigate its rank following GSS and Cragg and Donald (1997) .
Given a null hypothesis of rank k 0 versus an alternative k > k 0 , the Cragg-Donald test searches over all possible factor models with k 0 factors to find the one that brings the residuals ε as close to white noise as possible; the test then measures the distance between the residuals and white noise using a Wald statistic. There are 213 FOMC announcements from July 1991 to October 2015, and eight different assets in X, so X has dimensions 213 × 8.
The results of the Cragg-Donald rank test are reported in Table 2 . The data overwhelmingly reject the hypothesis of rank zero (white noise), so clearly the yield curve responds systematically to FOMC announcements. The hypothesis of rank one is also rejected very strongly, which implies that interest rates respond to FOMC announcements in a multidimensional way-in other words, the surprise change in the federal funds rate (or any other single dimension of monetary policy) is insufficient to explain the responses of interest rates to FOMC announcements. 8 The hypothesis that F has rank two is also rejected at standard significance levels (p-value of .014), suggesting that even two dimensions of monetary policy are insufficient to explain the response of the yield curve. However, the hypothesis of rank three is not rejected at even the 10% level, suggesting the data are well-explained by three dimensions of monetary policy underlying the FOMC's announcements. Intuitively, it's natural to think of these three dimensions as corresponding to (the surprise component of) changes in the federal funds rate, forward guidance, and LSAPs, since these were the features of FOMC announcements that received the most attention in financial markets and the financial press.
The results in Table 2 are interesting for several reasons. First, the finding that monetary policy cannot be summarized by any one-dimensional model casts doubt on some authors' use of changes in the 1-or 2-year Treasury yield as a sufficient statistic for monetary policy (e.g., Gertler and Karadi, 2015; Hanson and Stein, 2015; Nakamura and Steinsson, 2018) . Monetary policy seems to have more than one dimension, at least in terms of its effects on financial markets.
Second, as noted by GSS, FOMC announcements are potentially very high-dimensional objects, containing information about the current and future path of interest rates, asset purchases, and the economy. Despite this potential complexity, the effects of monetary policy on the yield curve are surprisingly well summarized by a factor model with just three factors. Third, even though there are many idiosyncratic variations in the way the FOMC described its forward guidance and conducted its LSAPs over the sample, there is enough commonality across announcements that one can still identify an "average forward guidance" factor and an "average LSAP" factor, as I show below. Thus, even though any particular FOMC announcement may have effects that deviate from these averages, those deviations are not systematic enough to require additional factors to fit the data. Now, the factors F are unobserved and must be estimated. The data suggest that F has rank three, so I begin by extracting the first three principal components of the data X. 9 These principal components correspond to the three elements of FOMC announcements that had the greatest systematic impact on the assets in X over the sample, and together explain about 94% of the variation in X.
Although principal components explain a maximal fraction of the variation in X, they are only a statistical decomposition and do not have a structural interpretation. For example, there is no reason why the first principal component should correspond to the surprise change in the federal funds rate, or forward guidance, or LSAPs-instead, the first principal component is likely to be some combination of two or even all three of these types of announcements. Mathematically, if F and Λ characterize the data X in equation (1), and U is any 3 × 3 orthogonal matrix, then the matrix F ≡ F U and loadings Λ ≡ U Λ represent an alternative factor model that fits the data X exactly as well as F and Λ, since it produces exactly the same residuals ε in equation (1). 10
Among all these observationally equivalent factor models, we are looking for one in which the three columns of F correspond to (the surprise component of) changes in the federal funds rate, forward guidance, and LSAPs, respectively. This amounts to choosing a rotation matrix U 9 The factors F are not required to have any dynamic relationship over time, so Kalman filtering is not a feasible approach to estimating F . 10 The scale of F and Λ are also indeterminate: if α is any scalar, then αF and Λ/α also fit the data X exactly as well as F and Λ. I follow the standard practice of normalizing each column of F to have unit variance.
such that the rotated factors F have this structural interpretation. A 3×3 orthogonal matrix U is completely determined by three parameters, so identification of U (and hence F and Λ) requires three restrictions.
First, I impose that changes in LSAPs have no effect on the current federal funds rate-i.e., λ 31 = 0, where λ ij denotes the (i, j)th element of Λ. Since the FOMC's major LSAP announcements all occurred during the ZLB period after 2008, this should be relatively uncontroversial.
Second, following GSS, I impose that changes in forward guidance also have no effect on the current federal funds rate-i.e., λ 21 = 0. Although there are important examples of forward guidance before the ZLB period, as discussed in GSS, this identifying assumption is justified by defining forward guidance to be the component of FOMC announcements that conveys information about the future path of short-term interest rates above and beyond changes in the target federal funds rate itself. 11 This is the definition of forward guidance (or the path factor) used by GSS and that I also use in this paper.
Third and finally, I impose the restriction that the LSAP factor is as small as possible in the pre-ZLB period. In other words, I compute the sum of squared values of the third factor,
where U 3 denotes the third column of U , over the subsample from 1991 to 2008, and choose the elements of U 3 to minimize this sum of squares subject to the first two constraints above. The idea is that FOMC announcements before the ZLB period did not have significant LSAP implications in general and thus the LSAP factor should be small during this period. 12
Together, these three restrictions uniquely identify U , and hence F (up to a sign normalization for each column). 13 Mathematical details of these restrictions are provided in Appendix A.
11 An increase in the federal funds rate is typically not a one-off decision, but is usually followed by additional funds rate hikes down the road. Thus, a surprise change in the federal funds rate today has implications for future values of the federal funds rate as well. What distinguishes the forward guidance factor is that it moves market expectations of future values of the federal funds rate without any change in the current federal funds rate target.
12 Note that the pre-2009 LSAP factor will still have nonzero values, even though they are small. This could be due to the Fed's monetary policy announcements having implications for its open market operations, or simply because there is some sampling variability in the estimation procedure. Also note that we cannot impose the restriction that the federal funds rate factor-the first column of F -is as small as possible during the ZLB period, because the first two restrictions already identify the federal funds rate factor, so this third restriction would not help to separate forward guidance from LSAPs. 13 One can also regard the orthogonality of U and the columns of F as additional assumptions that help achieve identification. Intuitively, this orthogonality assumption is just part of the definition of each factor-i.e., changes in the federal funds rate factor typically have implications for future interest rates, but those changes are part of the effects of the federal funds rate itself; the forward guidance factor captures effects on longer-term interest rates that are above and beyond the usual effects of changes in the federal funds rate. Similarly, the LSAP factor captures effects on the yield curve that are above and beyond the usual effects of changes in forward guidance, etc. Table 3 reports the loading matrix Λ that results from the three identifying assumptions above.
The FOMC's Forward Guidance and LSAP Announcements
Each rotated factor is normalized to have a unit standard deviation, so the coefficients in the respectively, and the 2-, 5-, and 10-year Treasury yields by about 3.7, 2, and 1bp, respectively.
The effects of a surprise change in the federal funds rate are thus largest at the short end of the yield curve and die off monotonically as the maturity of the interest rate increases, consistent with the estimates in Kuttner (2001) and GSS.
The effects of forward guidance, in the second row, are quite different. By construction, a shock to the forward guidance factor has no effect on the current federal funds rate. At longer maturities, however, the forward guidance factor's effects increase, peaking at a horizon of about one year and diminishing at longer horizons. 15 Again, this is consistent with the estimates in 14 I normalize the scale of the federal funds rate factor to have a unit standard deviation from July 1991 to December 2008, because the federal funds rate essentially does not change after December 2008. This scale convention is more intuitive than a full-sample unit standard deviation would be, and also facilitates comparison to previous results in the literature. Similarly, I normalize the LSAP factor to have a unit standard deviation over the period from January 2009 to October 2015. I normalize the forward guidance factor to have a unit standard deviation over the whole sample. 15 Note that these estimates represent an average forward guidance effect over the sample. Some FOMC announcements may have had an earlier or later peak effect than the average estimated in row 2, but these differences were not large enough or systematic enough to require another factor to fit the data.
GSS and Campbell et al. (2012) .
The effects of LSAPs, reported in the third row, are quite different from the first two rows.
Like forward guidance, a change in the LSAP factor has no effect on the current federal funds rate, by construction. Unlike forward guidance and changes in the federal funds rate, the effect of LSAPs is small at short maturities and much larger at the long end of the yield curve. This is consistent with several authors' findings that LSAPs have a substantial impact on longer-term Treasury yields (e.g., Gagnon et al., 2011; Vissing-Jorgensen, 2011, 2013; Swanson, 2011) . A one-standard deviation increase in the LSAP factor causes 5-and 10-year
Treasury yields to fall about 3.7 and 5.7bp, respectively, on average. 16 An increase in LSAPs also causes short-term yields to rise slightly, on average, although this effect is quantitatively small and not statistically signficant, as I show in the next section.
The results in Table 3 are interesting for several reasons. First, as noted above, the coefficients in each row are generally consistent with other estimates in the literature, such as
Kuttner (2001), GSS (2005), Gagnon et al. (2011) , and Vissing-Jorgensen (2011, 2013) . This provides some initial confirmation of the identifying assumptions above.
Second, Table 3 shows that unconventional monetary policy was effective, at least in a 30minute window around FOMC announcements. Moreover, both types of unconventional monetary policy-forward guidance and LSAPs-were about as effective as changes in the federal funds rate, in the sense that the coefficients have similar magnitudes across the three rows (although each policy had a peak effect at a different point along the yield curve). This is an important initial finding of the effectiveness of the two types of unconventional policy.
Third, I estimate that the effects of forward guidance and LSAPs are very different from each other. (Indeed, it is this strong contrast that makes identification of the two factors empirically robust.) These differences imply that the LSAP factor affected financial markets through more than just a "signaling channel" (e.g., Woodford, 2012; Bauer and Rudebusch, 2014) . Recall that, according to the pure signaling view, LSAPs affect financial markets only because they increase the central bank's commitment to follow through with its forward guidance (because the bank would lose money on those LSAPs if it raised interest rates sooner than financial markets expect).
If that were the case, then the second and third rows of Table 3 should be much more similar in terms of their relative effects on yields. This observation is also supported by Table 2 , which showed that no two factors (such as changes in the federal funds rate and forward guidance) are sufficient to explain financial markets' reactions to FOMC announcements-a third factor is required.
Fourth and finally, the differences across the three rows in Table 3 cast doubt on some authors' use of the 1-or 2-year Treasury yield as a sufficient statistic for monetary policy (e.g., Gertler and Karadi, 2015; Hanson and Stein, 2015; Nakamura and Steinsson, 2018 Estimates by the above authors capture a weighted average of the effects of these three different types of monetary policy, but the effects of a given change in the 2-year Treasury yield in practice will depend on how that change in the 2-year yield is implemented.
Robustness of the Identified Factors
The federal funds rate, forward guidance, and LSAP factors identified above are very robust to reasonable variations in the identifying assumptions. For example, Swanson (2017) considers an alternative set of assumptions that splits the sample into pre-ZLB and ZLB periods, uses the GSS (2005) identifying assumptions in the pre-ZLB period to separately identify changes in the federal funds rate and forward guidance, and then uses the ZLB period to separately identify forward guidance and LSAPs. The estimated factors from that procedure are very similar to those estimated here (correlations of 95 to over 99%).
Alternatively, one can simply define the federal funds rate factor to be the surprise change in the federal funds rate itself, the forward guidance factor to be any additional movements in the 2-year Treasury yield that are orthogonal to the change in the federal funds rate, and the LSAP factor to be any additional movements in the 10-year Treasury yield that are orthogonal to the first two factors. 17 This very simple set of identifying assumptions produces factors that have a correlation of 96%, 96%, and 89%, respectively, with the three factors estimated above using my main identifying assumptions.
Intuitively, the three factors are well identified in the data because their effects on the yield curve are so different from each other, as can be seen in Table 3 . Movements in these three different points along the yield curve are very easy to separate in the data, so variations in the identifying assumptions have relatively small effects on the estimated factors. in the press. 18 The key elements of this program are listed in Table 1 , and the announcement seems to have been a major surprise to financial markets, given the huge estimated size of the factor on that date. According to my identification, this announcement is dominated by its LSAP implications, although I also estimate a negative 1.5-standard-deviation forward guidance easing as well. Given that this FOMC announcement placed such a large emphasis on asset purchases, contract, scaled as above, and define that to be the federal funds rate factor; I take the 30-minute change in the 2-year Treasury yield, regress that on a constant and the federal funds rate factor, and define the residuals to be the forward guidance factor; and I take the 30-minute change in the 10-year Treasury yield, regress that on a constant and the first two factors, and define the residuals to be the LSAP factor. This is essentially the same approach taken in very recent papers by Rogers, Scotti, and Wright (2018) and Gilchrist, Yue, and Zakrajsek (2018) , although the latter authors do not distinguish between changes in the federal funds rate and forward guidance. My identification attributes each of these announcements to changes in FOMC forward guidance, which is very much in line with the market commentary.
Correspondence of Factors to Notable FOMC Announcements
The last observation in Figure 1 , October 28, 2015, is also very supportive. On that date, the FOMC kept the federal funds rate at zero, but stated that a rate hike in December was being considered-an unusually explicit signal that significantly altered markets' expectations of a rate hike at the upcoming meeting (The Wall Street Journal, 2015f,g). The Fed's statement caused short-and medium-term interest-rate futures and Treasury yields to jump, and is thus identified by my estimation as a significant increase in forward guidance, with no change in LSAPs.
The middle of 2013 corresponds to the so-called "taper tantrum" in financial markets. On June 19, I estimate a substantial, two-standard-deviation decrease in the LSAP factor (which is positive in Figure 1 becuase it represents a monetary policy tightening). There is little change in the FOMC statement on that date, but as reported by The Wall Street Journal, the FOMC released economic projections along with the statement that showed a substantial increase in the FOMC's economic outlook. Given earlier remarks by then-Chairman Bernanke that the FOMC could begin tapering its asset purchases soon, markets interpreted this as a signal that a tapering was imminent. 21 The flip side of this announcement occurred on September 18, 2013, when the 19 It's interesting to note that the FOMC's subsequent "QE2" program, described in Table 1 , does not show up as a major event in Figure 1 , probably becuase it was anticipated by financial markets in advance (see, e.g., Forbes 2010). Looking at Figure 1 around the November 3, 2010, announcement date of the program, there is essentially no estimated effect, because the interest rates included in the estimation responded very little to the announcement. Thus, even though the QE2 announcement was roughly one-half as large as the earlier QE1 announcement in terms of the quantity of purchases, the surprise component of that announcement appears to have been dramatically smaller. 20 On Dec. 17, 2014, markets expected the FOMC to remove its statement that it would keep the federal funds rate at essentially zero "for a considerable time". Not only did the FOMC leave that phrase intact, it announced that "the Committee judges it can be patient in beginning to normalize the stance of monetary policy," which was substantially more dovish than markets had expected (e.g., "U.S. stocks surged. . . after the Federal Reserve issued an especially dovish policy statement," The Wall Street Journal, 2014). On Mar. 18, 2015, the FOMC revised its projections for U.S. output, inflation, and the federal funds rate substantially below what markets had expected. The revised forecast was read by financial markets "as a sign that the central bank would take its time in raising [rates]" (The Wall Street Journal, 2015a,b) . And on Sep. 17, 2015, the FOMC declined to raise the federal funds rate, issued a statement that was widely regarded as more dovish than expected, and released interest rate forecasts that were substantially lower than before (The Wall Street Journal, 2015c,d,e) . 21 For example, The Wall Street Journal (2013a) reported that "Bond prices slumped, sending the yield on the 10-year Treasury note to its highest level in 15 months, as the Federal Reserve upgraded its growth projections for the U.S. economy. . . Stronger U.S. growth is widely perceived in the market as heralding an earlier end to the FOMC was widely expected to begin tapering its asset purchases but opted not to do so. The Wall Street Journal (2103b,c) reported that "No Taper Shocks Wall Street," and "The move, coming after Fed officials spent months alerting the public that they might begin to pare their $85 billion-a-month bond-buying program at the September policy meeting, marks the latest in a string of striking turnabouts from Washington policy makers that have whipsawed markets in recent days." 22 I estimate this announcement to be a very large, 2.6-standard-deviation LSAP easing. Thus, both of these "taper tantrum" announcements seem to be correctly identified as movements in the LSAP factor.
There are a number of other notable observations in Figure 1 as well. August 9, 2011, marked the first time the FOMC gave explicit (rather than implicit) forward guidance about the likely path of the federal funds rate over the next several quarters. In that announcement, described in Table 1 , the FOMC stated that it expected the current (essentially zero) level of the federal funds rate would be appropriate "at least through mid-2013", a date almost two years in the future. My estimates imply the announcement on this date was a negative 1.5-standarddeviation surprise in forward guidance, with essentially no LSAP component. My estimates characterize this announcement as forward guidance, based on the way financial markets responded (i.e., shorter-term interest rates moved more than longer-term interest rates).
It's important to bear in mind that the U.S. economy was beginning to recover by late 2009 and financial markets expected the FOMC to begin raising the federal funds rate in just a few quarters (Swanson and Williams, 2014) , but not until a few meetings after completing its asset purchase program. Thus, an extension of the end date of the LSAP program was taken by markets to imply a correspondingly later liftoff date for the federal funds rate.
Scale of Forward Guidance and LSAP Factors
The forward guidance and LSAP factors estimated above and plotted in Figure 1 are normalized to have a unit standard deviation. Similarly, the loadings in Table 3 
The Effects of Forward Guidance and LSAPs on Asset Prices
Once we've estimated the forward guidance and LSAP components of each FOMC announcement, above, it's straightforward to estimate the effects of those policies on a variety of asset prices using high-frequency regressions, as follows. Table 3 , Table 4 reports standard errors, t-statistics, results for the pre-ZLB and ZLB subsamples, and results for the 6-month and 30-year Treasury yields. Each column of the table reports estimates from an OLS regression of the form
Treasury Yields
where t indexes FOMC announcements, y denotes a particular Treasury yield, Δ the change in a 30-minute window bracketing each FOMC announcement, F the monetary policy factors estimated above, and ε a regression residual. As in Table 3 , the coefficients in Table 4 are in units of basis points per standard deviation surprise in the monetary policy tool.
The coefficients in the top panel of Table 4 are very similar to those estimated previously by GSS (2005) The bottom panel of Table 4 reports results for changes in forward guidance and LSAPs during the ZLB period, 2009-15. These results are also typically highly statistically significant, with t-statistics often exceeding 4. The regression R 2 values are very high in many cases as well (over 93 percent), so these two factors explain a large share of the variation in Treasury yields around FOMC announcements. The effects of forward guidance are hump-shaped and generally very similar to the pre-ZLB period, although the effect on the 6-month Treasury yield is noticeably smaller, due to that yield being so close to zero and thus much less sensitive to news for much of the ZLB sample (Swanson and Williams, 2014) . 24 The effects of forward guidance also fall to 23 Results for the 3-month Treasury yield are not reported, since the 3-month Treasury yield generally did not respond to news during the ZLB period-see Swanson and Williams (2014) -and is thus less interesting. 24 The peak effect of forward guidance is also a little bit larger and later than in the pre-ZLB period, on average, which would be consistent with the FOMC's greater emphasis on longer-dated forward guidance during the ZLB period.
essentially zero for the 30-year yield during this period.
As noted previously, LSAPs had their greatest effect on long-term interest rates, particularly the 10-year Treasury yield, likely because the FOMC focused its bond purchases around that maturity. The effect on the 30-year yield is also quite large and highly statistically significant.
In contrast, LSAPs had a slight positive effect on the short end of the yield curve, about 0.2bp per standard deviation, although those effects are not statistically significant. One explanation for this result is that the Federal Reserve may have sold off or reduced its demand for short-term
Treasuries in order to buy longer maturities, as in the "Operation Twist" period from late 2011 through 2012.
Taken together, these results imply that both forward guidance and LSAPs were effective during the ZLB period, at least in a 30-minute window around FOMC announcements. As noted previously in Table 3 , their effects are broadly similar in magnitude to those of changes in the federal funds rate during the pre-ZLB period, although the peak effects occur at different points along the yield curve. Table 5 reports analogous results for the S&P 500 stock index and dollar-euro and dollar-yen exchange rates. The form of the regressions is the same as in equation (2), except the dependent variable in each regression is now 100 times the log change in the asset price in each column.
Stock Prices and Exchange Rates
As before, results for changes in the federal funds rate and forward guidance in the pre-ZLB period are included for completeness. A one-standard-deviation increase in the federal funds rate causes stock prices to fall about 0.3 percent and the dollar to appreciate about 0.1 percent, with bootstrapped t-statistics of 2.5 or greater. A one-standard-deviation tightening of forward guidance causes stocks to fall a bit less, about 0.15 percent, but the dollar appreciates a bit more, about 0.15 percent, and these effects are also highly statistically significant.
During the ZLB period (bottom panel), the effects of forward guidance were somewhat larger, leading to a drop in stock prices of about 0.25 percent and an appreciation of the dollar of about 0.25-0.35 percent, and these effects are highly statistically significant. For LSAPs, a one-standard-deviation increase (which causes interest rates to fall) causes stock prices to rise about 0.1 percent and the dollar to depreciate 0.2-0.3 percent. The effect of LSAPs on stocks is not statistically significant, but those on the dollar are highly significant. Interestingly, the regression R 2 for the dollar are much higher during the ZLB period than before, while the R 2 for stocks is low in both periods, due to the high and idiosyncratic volatility of stocks after FOMC announcements.
These results are all intuitive. For the dollar, the effects have the signs one would expect from uncovered interest parity, given the response of interest rates in Table 4 . That is, an increase in U.S. interest rates makes U.S. dollar investments more attractive relative to foreign investments, and tends to drive the value of the dollar up. For stocks, the effects are consistent with increases in interest rates reducing the present value of stocks' future dividends through both a discounting channel and a weaker economy.
Most importantly, these results show that forward guidance and LSAPs were effective at moving stock prices and exchange rates as well as Treasury yields. In addition, both of these unconventional policies had effects that were roughly comparable to those of changes in the federal funds rate in the pre-ZLB period. The unconventional policies' effects on the dollar were a bit greater than for conventional monetary policy, and the effects on stock prices a bit less, but these differences are generally not statistically significant. Compared to each other, forward guidance and LSAPs seem to be about equally effective at moving stock prices and exchange rates, although the effect of LSAPs on stocks is not very precisely estimated. Table 3 is estimated to be about −6.5bp, while the effect implied in Table 6 is a bit larger, about −8.1bp. There are two reasons for this difference: first, the responses in Table 3 are 30-minute responses, while those in Table 6 are one-day responses. Second, Table 3 uses the on-the-run coupon-bearing 10-year Treasury bond, while Table 6 uses the 10-year zero-coupon yield estimate by Gürkaynak, Sack, and Wright (2007) . The latter yield has a longer duration than the coupon-bearing 10-year security and thus should be a better match to the long-term corporate bonds in the Moody's indexes. Coefficients β from regressions Δy t = α + F t β + ε t , where t indexes FOMC announcements, y denotes the corporate bond yield or spread, F denotes the monetary policy factors estimated previously, and Δ is the change in a one-day window bracketing each FOMC announcement. Coefficients are in units of basis points per standard deviation change in the monetary policy instrument. Bootstrapped standard errors in parentheses and t-statistics in square brackets; * * * , * * , and * denote statistical significance at the 1%, 5%, and 10% levels, respectively. See text for details.
Corporate Bond Yields and Spreads
and Vissing-Jorgensen (2011 and Swanson (2011) , who found that the Fed's LSAP programs pushed down Treasury yields more than private-sector yields, presumably because the Fed concentrated many of its purchases on longer-term Treasury bonds in particular. Nevertheless, the effect on corporate yields in Table 6 is larger than those previous studies found-for example, Swanson (2011) estimated corporate yields fall about 4-5bp in response to a $600 billion LSAP announcement, while the estimates in Table 6 are closer to 11-12bp for the same size operation.
One reason for the larger estimates here may be that the Fed's recent LSAP programs often included a substantial quantity of mortgage-backed securities (MBS), while the smaller, 4-5bp estimate is for the case of a Treasury-only LSAP. Since corporate bonds are closer substitutes for MBS than they are for Treasuries, we should expect MBS purchases to have a relatively larger effect on corporate yields.
The Persistence of Forward Guidance and LSAP Effects
The regressions above measure the 30-minute or one-day responses of different yields and asset prices to FOMC announcements. If yields and asset prices are martingales, then these very short-term responses are representative of the responses over longer windows as well. However, some recent studies suggest the effects of unconventional monetary policy may not be persistent.
For example, Duffie (2010) cites several examples where large movements of captial (e.g., due to stocks entering or leaving the S&P500, or auctions of new Treasury securities) can have transitory effects on asset prices that dissipate over a period of time, up to several months in length. The idea is that arbitrage capital can be "slow-moving" and is not reallocated instantaneously to take advantage of asset price distortions caused by idiosyncratic changes in demand or supply for the asset. Fleckenstein, Longstaff, and Lustig (2014) find support for this theory in the pricing of TIPS securities during the 2007-09 global financial crisis.
Taylor (2012) 
Unconstrained h-Day Yield Changes
To examine the persistence of the effects of the FOMC's forward guidance and LSAP announcements, I run a series of regressions at multiple horizons, of the form
where the horizon h is measured in business days, each forecast horizon h is associated with a different regression, y denotes a given bond yield or log asset price, t takes on the values of the dates of FOMC announcements from January 2009 through October 2015, F denotes the forward guidance and LSAP components of FOMC announcements as estimated above, ε (h) t is a residual, and α h , β h , and γ h are parameters that may vary across regressions h. This is essentially Jordà's (2005) local projections method of estimating impulse response functions, with a lag length of zero for the lagged endogenous variable y on the right-hand side, since I find that additional lags aren't needed. As discussed by Jordà (2005) , the direct projections in (3) have several advantages over extrapolating the results of a daily-frequency VAR(1) as in Wright (2012) . In particular, the results of extrapolation compound any errors in the parameter estimates as the horizon h increases, while the local projections method avoids extrapolation and compounding and is thus more robust to model misspecification.
I estimate that the coefficients α h and β h are essentially always close to zero and one, respectively, so I impose those restrictions in the analysis. Then (3) is just a regression of the h-day difference, y t−1+h − y t−1 , on the factors F t , on the sample of all 55 FOMC announcements from 2009-15. The estimated coefficientsγ h vary across forecast horizons h, so we can plot those coefficients as a function of the horizon h to see whether they tend to diminish as h increases. Of course, for longer horizons h, there will also be a greater amount of non-monetary-policy news that impacts yields and asset prices, so the residuals ε (h) t and standard errors surrounding the coefficient estimatesγ h will tend to be larger. for details).
The estimated effect of a one-standard-deviation change in forward guidance on the 2-
year Treasury yield is about 3bp on the first day (top-left panel of Figure 2 ), slightly less than the estimated effect in Table 4 that used intradaily data, and this one-day response is highly statistically significant. For horizons h out to about 50 business days, the point estimates remain 
Persistence Estimates
To estimate the degree of attenuation in these figures, and the statistical significance of that attenuation, I re-estimate regressions (3) imposing that the coefficients γ h have an exponentially decaying functional form,
where a and b are parameters, with a denoting the impact effect and b the exponential decay rate.
The idea is essentially the same as Barnichon and Brownlees' (2018) A standard martingale view of asset price responses would imply that b = 0, but in Table 7 , the decay rates b are typically larger than zero, with half-lives of about 20 business days for LSAPs, and 30 and 110 business days for forward guidance on the 10-and 2-year Treasury yields, respectively. However, none of these decay rates is statistically significant.
issued, most liquid, and most heavily traded) coupon-bearing 2-year Treasury, while the estimates in Figure 3 are for a zero-coupon 2-year Treasury, which has a longer Macauley duration. Since the effects of LSAPs generally increase with duration, the effect on the zero-coupon 2-year Treasury is larger. Zero-coupon yields are from the database and keep the maturity constant even as the horizon h and time t change. 27 The observations for each horizon h are weighted by σ −1 h , where σ h denotes the estimated variance of the residuals for the unrestricted horizon h regression (3). I also impose two restrictions on the estimation: First, the coefficient a cannot be more than 25% greater or less than the average unconstrained effect γ h over the first 5 days. Second, the coefficient b ≥ 0. These restrictions prevent the estimation from picking values of a and b that are implausible a priori. Finally, the regressions in (3)-(4) are stacked and run out to a 180-business-day horizon h, to help estimate the decay parameter b. Although the largest estimated decay rates in Table 7 are in long-term yields by about the 30th business day following the announcement. The very large size of the LSAP factor for this FOMC announcement gives these responses a very large weight in the regression analysis above.
Thus, in contrast to Wright (2012) , I find relatively little evidence that the effects of the Fed's unconventional monetary policy announcements died out over time. Although the point estimates for forward guidance and LSAPs in Table 7 do suggest some attenuation, those estimates are not statistically significant. Moreover, for LSAPs, there is no evidence of attenuation once the very influential March 2009 FOMC announcement is dropped from the analysis. 29
Effects of Forward Guidance and LSAPs on Interest Rate Uncertainty
Unconventional monetary policy could also have substantial effects on interest rate uncertainty.
Bernanke (2013) (2017), I also estimate the persistence of the effects of federal funds rate changes in the pre-ZLB period, and show that those effects also seem to be completely persistent. if they tended to be implemented in response to increases in long-term yields, because then LSAPs would be a stabilizing force.
To measure uncertainty about the federal funds rate over the next several months or quarters, I use Eurodollar options with five quarters to expiration, as in Swanson and Williams (2014) .
These data are available at daily frequency with a range of strike prices, which can be used to estimate the entire distribution of the federal funds rate in five quarters' time. 30 Following Swanson and Williams (2014), I use the distance between the 80 th and 20 th percentiles of that distribution on any given day as a measure of uncertainty on that day about the federal funds rate five quarters ahead.
30 I don't need to assume normality for these distributions because we observe option prices for multiple strikes.
On each day from January 2008 through December 2015, I use the range of available Eurodollar option put and call prices with five quarters to expiration to estimate the implied distribution of the spot 3-month Eurodollar rate in five quarters' time, using a flexible functional form. Eurodollar options are the most liquid options on a short-term interest rate and thus provide the best measure of the distribution of possible short-term interest rate outcomes. I use the spread between overlapping federal funds futures and Eurodollar futures rates at a one-year horizon to convert these implied distributions for the 3-month Eurodollar rate into an implied distribution for the federal funds rate. These probability estimates ignore risk premia and thus represent implied risk-neutral probabilities. Of course, one might expect monetary policy uncertainty to decrease in response to any forward guidance announcement by the Fed, regardless of whether that announcement is positive or negative (i.e., a tightening or an easing). To investigate this possibility, the second column of Table 8 includes the absolute values of the forward guidance and LSAP factors in regression (3).
Surprisingly, the coefficients on these absolute values are not statistically significant while the coefficient on the forward guidance announcement itself is essentially unchanged. As an alternative, the third column of Table 8 includes squared forward guidance and LSAP factors instead, with similar results-the nonlinear terms are not statistically significant, while the results for the linear forward guidance factor are essentially unchanged.
The results in Table 8 Table 8 are consistent with these mechanical effects of forward guidance on uncertainty being an important driver of those uncertainty results. Figure 5 examines the persistence of these uncertainty effects. Since the nonlinear terms in Table 8 were not statistically significant, the regressions in Figure 5 consider only the linear terms, as in previous figures. After the first day, there is little evidence that the effect of forward guidance dies out over time, although the standard errors grow so that the effect is not statistically significant after about 2 days. For LSAPs, interestingly, there is no effect on impact but the effect grows substantially over the next few days and becomes statistically significant. A onestandard-deviation increase in LSAPs was typically followed by a 2-5bp decline in monetary policy uncertainty for most of the next 50 days. This finding seems in line with the discussion in Woodford (2012) , Vissing-Jorgensen (2011, 2013) and Bauer and Rudebusch (2014) , that one channel through which LSAPs affected financial markets was by signaling the FOMC's commitment to keep the federal funds rate low for an extended period. Thus, even though my results in Tables 2 and 3 reject the hypothesis that LSAPs work entirely through the signaling channel, my results here do suggest that LSAPs have significant signaling effects. S. Treasury bonds with 2, 5, 10, and 30 years to maturity, measured using options on these securities, with most of the weight on the 5-and 10-year maturities. Overall, the results in Figure 6 look very similar to those in Figure 5 for shorter-term interest rate uncertainty: An increase in forward guidance raises longer-term bond yield uncertainty by a small amount, but the effect is not statistically significant and declines to zero after a few days. An increase in LSAPs, on the other hand, has essentially no effect on longer-term bond yield uncertainty on impact, but then leads to a statistically significant decline in that uncertainty by about 3.5bp over the next few days, and this effect persists for about 45 days (although it loses its significance).
Far from increasing longer-term bond yield uncertainty, an increase in LSAPs by the Fed seems to have had a stabilizing effect on longer-term bond yields. This would be the case, for example, if the FOMC's LSAP operations were conducted in such a way as to "push back" against movements in long-term interest rates.
Finally, I investigate the effects of forward guidance and LSAPs on stock market uncertainty, as measured by the VIX, but find no statistically significant effects at any horizon (results not reported).
Conclusions
I extend the methods of Gürkaynak, Sack, and Swanson (2005) including Treasuries, stocks, exchange rates, corporate bonds, and interest rate options (to measure uncertainty). Both forward guidance and LSAPs had substantial and highly statistically significant effects on medium-term Treasury yields, with magnitudes comparable to the effects of changes in the federal funds rate before the zero lower bound (as measured by their asset price effects per standard deviation change in each policy). Thus, I find that both of these unconventional monetary policies were effective policy instruments, about as effective as conventional monetary policy.
Forward guidance was more effective than LSAPs at moving shorter-term Treasury yields and stock prices, while LSAPs were more effective than forward guidance and the federal funds rate at moving longer-term Treasury yields, corporate bonds, and interest rate uncertainty. To the extent that monetary policy affects the real economy through changes in private-sector interest rates like corporate bond yields, this suggests that LSAPs were more effective than forward guidance at stimulating the real economy. LSAPs were also more effective at reducing interest rate uncertainty, which may also stimulate the real economy (e.g., Bloom, 2009 ). I find no significant evidence that either forward guidance or LSAPs had effects that died out over time. I estimate that the effects of LSAP anouncements were completely persistent, with no tendency to die out over the next several months, with the exception of the very influential "QE1" announcement in March 2009. After that particular announcement, long-term bond yields fell sharply but then rebounded over the next two months as financial markets turned around. Given that financial markets were functioning very poorly in March 2009, and the QE1 announcement was so large, the financial market responses to that announcement may not be representative of LSAP effects more generally.
I estimate that the effects of forward guidance were somewhat less persistent, with a half-life of about 1-4 months, but those estimates are not statistically significant. To some extent, we should expect the effects of forward guidance to die out gradually over time, since the FOMC's forward guidance announcements over this period had a typical horizon of several quarters or less. My point estimates are generally consistent with this fact.
Overall, I find there is relatively little reason for the Federal Reserve to raise its inflation target to avoid hitting the zero lower bound in the future, because the Fed has other monetary policy tools available.
Going forward, there are many important issues that call for further exploration. First and foremost, estimating the effects of forward guidance and LSAPs on macroeconomic variables such as the unemployment rate should be a top priority for future research-after all, the FOMC's stated goal in pursuing these unconventional policies was to boost the economy. Measuring the response of macroeconomic rather than financial variables to monetary policy announcements is difficult, however, because of the lower frequency and longer response lags of macroeconomic variables to those announcements. A second important avenue for future research is to study the effects of unconventional monetary policies in other economies, especially since the zero lower bound period in the U.S. has ended. The methods of the present paper should be very helpful for studying the effects of unconventional monetary policies in these other economies as well as in the U.S.
Finally, I compute U 1 by an analogous procedure, normalizing the third element of U 1 to unity, solving the equation
and renormalizing [ u 11 u 12 1 ] to have unit length. This ensures U 1 is orthogonal to U 2 and U 3 . This uniquely identifies U and F * up to a sign normalization for each column. I normalize the sign of the first column of F * to have a positive effect on the current federal funds rate, the second column to have a positive effect on the four-quarter-ahead Eurodollar future contract ED4, and the third column to have a negative effect on the 10-year Treasury yield.
